Abstract. The wastewater treatment plant can be considered as a dynamic large scale complex system, in which the most important control parameter is the dissolved oxygen concentration in the aerobic zone. The air is supplied to this zone by the aeration system. In the paper, both the sequencing batch reactor and the aeration system are modelled and used as plant of control performed by the cascade nonlinear adaptive control system extended by the anti-windup filter. The effect of certain parameters of the adaptive controller on the quality of control is analysed. Simulation results based on real data recorded in the case study plant are included.
Introduction
Biological processes are used to keep the biological balance in the environment. Nowadays, they have found application in wastewater treatment plants (WWTP). One of the most important and expensive processes having place in these plants is aeration. Irrespective of the used technology, a crucial issue for the aerobic wastewater treatment processes is to control the dissolved oxygen (DO) concentration.
The purification processes consist of several stages, which are: mechanical pre-treatment, biological reactions (nitrification, denitrification), sedimentation, and decantation. Each of these stages affects remarkably the quality of pollution removal. The reactions taking place in the above processes differentiate by DO concentration. The reactions in the denitrification phase need no oxygen (DO level is approximately equal to zero), while in the nitrification phase the oxygen is necessary and is provided by the aeration system, which comprises blowers, diffusers, pipes, and valves. The DO level observed during the aeration phase is one of most important parameters affecting the efficiency of pollution removal. The improvement in controlling the DO concentration in the WWTP improves the quality of waste outflow and decreases the incurred operating costs.
The dynamics of DO concentration changes is nonlinear, therefore high quality of control in all operating conditions can be difficult to achieve using simple control strategies, such as, for instance, the on/off control system, or the linear PID controller with fixed parameters. It is noteworthy that the amount of energy consumed by the aeration process is decisive for total energy consumption by the WWTP.
Past literature studies reported the use of various structures and technologies in the DO control system [1] [2] [3] [4] [5] [6] [7] [8] . The primary objective of those studies was to provide an accurate tracking of the variable DO trajectory. In most cases, nonlinear dynamics of the aeration system was omitted and the system was considered as a static element.
Unlike earlier publications, in this article the model of aeration system dynamics is coupled with biological processes, for control system design purposes. The article further develops the control strategy which was earlier used in the Swarzewo WWTP and presented in [9] . The cascade nonlinear adaptive control system extended by anti-windup filter is applied as the control tool. Furthermore, the parameter analysis of the adaptive controller used for quality control is performed. The simulation results obtained based on real data recorded in the case study plant are presented.
Control plant -description and mathematical models
In industrial practice, two different types of WWTP's are used, which are: the sequencing batch reactor (SBR) and the WWTP with a continuous flow throughout the plant. In this paper, the former type of WWTP is analysed. In the SBR, biochemical processes take place in a defined sequence in the same tank. The SBR technology is widely used for small wastewater inflows, and SBR's can be designed using a single tank, or a number of tanks arranged in parallel. A classical cycle consists of five operational phases, which are: filling, reactions (nitrification and denitrification), sedimentation, decantation, and idle state. Biochemical reactions are described in detail in [10] , while [11] presents a comprehensive review of the experience gained from the use of SBRs of different types. A detailed description of the SBR in Swarzewo, considered the case study in this paper, is presented in [9] .
The most popular mathematical description of biological processes having place in the WWTP is a series defined by Activated Sludge Models (ASM: ASM1, ASM2, ASM2d, ASM3). In the paper, biological processes are modelled using the ASM2d model. This nonlinear and dynamic model consists of 21 state variables and 20 kinetic and stoichiometric parameters. The values of these parameters are equal to their default values at 20°C [12] . The ASM2d model was calibrated based on real data sets obtained from the Swarzewo WWTP. Additionally, the data obtained from this plant enabled to define the quality of load, characterised by the following quantities: chemical oxygen demand (COD), total nitrogen concentration (N tot ), and total phosphorous concentration (P tot ).
Oxygen is supplied to the aerated tanks by the aeration system. The sewage is mixed with bacteria to facilitate the process of sewage treatment. The aeration system includes two blowers, the main pipe (collecting pipe), two collector-diffuser pipes, and two diffuser systems (Fig. 1) .
Figure 1. Structure of the Swarzewo aeration system
Modelling of the aeration system has a long history. In [3] , a general methodology is presented. Identification and validation tests for the case study aeration system are described in [13] . Further research in this field and modifications of the mathematical model are presented in [14] . The results presented in this paper can be considered as the final outcome of modelling the aeration system for the Swarzewo WWTP. The modelling process makes use of the methodology which treats the aeration system as an electrical circuit (Fig. 2) . The voltage of the source is equivalent to the hydrostatic pressure in the SBR. The model of the aeration system is described by a set of nonlinear differential and algebraic equations. The detailed description of this model is given in [14] . From the point of view of the control system, the main dynamics which is subject to control is the dynamics of DO concentration, described by the nonlinear differential equation:
where: S 0 , k La , R denote the DO concentration, the oxygen transfer function, and the respiration function, respectively. Parameters K 0 , S 0 sat =8.64 mg/dm 3 and α=0.0016 1/m 3 are the Monod's constant, the DO concentration saturation limit, and the directional factor of k La , respectively. The dynamics of DO has three primary properties, which are: non-linearity, non-stationarity, and dependence of disturbance (respiration R). The value of the Monod's constant K 0 may vary from 0.01 to 2 g/m 3 (the assumed value is 2 g/m 3 ). This coefficient introduces non-stationarity to DO dynamics. Furthermore, the fraction (S 0 /K 0 +S 0 )·R involves K 0 , so this parameter increases the nonlinearity of Equation (1).
Adaptive control system

Structure of the control system
The structure of the novel control system is shown in Fig. 3 [9] .
The model of the plant comprises the aeration system model and the SBR model (ASM2d). Two primary variables affect the wastewater aeration process. One of them is the airflow Q air . Its dynamics is faster than the dynamics of the second variable, which is the dissolved oxygen S 0 , therefore the cascade type of the control system is proposed.
The controller in the inner control loop executes the reference trajectory of the airflow Q air ref .
This controller bases on the inverse model of aeration system -Inverse Model Control (IMC) [15] . The outputs from the inner control loop are: the rotational speed n of the blowers, and the on/off state (switching) of the blowers. The important aspect of IMC is the static characteristic of the blowers, which has to be of inverse type to achieve a correct relation between the rotational speed of the blowers and their airflow. The information about the airflow set point Q air ref in
combination with the inverse characteristic permit to generate the desired control signals (n, on/off). In the external control loop, the adaptive controller with the reference model (Direct Model References Adaptive Control -DMRAC) is applied [16] . This controller is extended by the anti-windup (AW) filter, used to reduce the impact of control signal limitations, e.g. the maximal rotational speed of the blowers. The required plant response is defined by the response of the reference model. The inputs to DMRAC are the control error e c and Q air . The output is Q air ref .
The disturbance for the control system is the respiration R, which represents the volume of oxygen needed by the microorganisms in the waste.
Control law and adaptation law
For control purposes, Equation (3) is transformed to the general form:
where x=S0, b= α·(S0
The reference model is the inertia model of the first order with the static gain K and the time constant T. The value of K was selected in such a way that in the steady state the output of the plant is equal to that of the reference model. This is true for K=1. Parameter T was fixed at 1.25 minute. The transfer function and the differential equations, which describe the dynamics of the reference model, are given by Equations (5)- (6): respectively. Equation (7) expresses the proposed control law:
where The adaptation laws for the controller parameters were designed based on the Lyapunov stability theory -Equations (8) x(t) is the adaptation error. The Lapunov stability theory ensures the stability of the control loop and provides the convergence of the adaptation error to zero for the time tending to infinity. According to [16] , the required conditions are the limitations of the controller parameters and the adaptation error. The controller parameters are limited by zero from one side and by an ideal parameter from the other side. The ideal values (11)- (13) 
The parameters h 0 , m 0 , g 0 are the values at the beginning of the adaptation process (when the aeration phase starts). Their values were assumed equal to zero -to restart the oxygenation of the sewage at any time, the parameter adaptation process is run again from the beginning.
After substituting Equations (14)- (16) to the proposed control law (7), the DMRAC controller is exclusively composed of integrators. Taking into account the constraints of the control signal makes it possible for the windup phenomenon to occur. The proposed static AW filter has the structure of the DMRAC controller system (see Fig. 4 ), where 
Simulation tests
This section presents the results of the simulation in which the adaptive controller was applied to the case study of WWTP in Swarzewo. The commercial simulation package Simba [17] was used to model the SBR, while the models of the aeration system and the control system were implemented in Matlab environment. The research methodology adopted in the study is as follows: in each test, only one parameter was changed, as a result of which 7 data sets were obtained, each set analyzing one parameter of the adaptive controller with AW filter. At the beginning of the study, the following initial values for 7 parameters (default values) were assumed: γ 1 =700 000, γ 2 =800 000, γ 3 =900 000, K h =40 000, K g =40 000, K m =120 000, and T=3.75min. To compare the presented results, two indicators were used, which were: the Integral Absolute Error (IAE) - (23) 
where TS is the simulation time, and e c (t) = x set -x = S 0 set -S 0 is the control error.
At first, the impact of the AW filter was analyzed. Figures 5 and 6 Comparing the results obtained for DMRAC and PID controller, it could be concluded that the adaptive system achieved better results. Moreover, better results were obtained for the adaptive control system extended by the anti-windup filter. The overshoot decreased from 76% to 28% for the fourth nitrification phase. The anti-windup filter improved the quality of control. For PID controller, the addition of the AW filter worsens the quality of plant response.
The impact of each parameter on the adaptive control system was analyzed next. Each diagram presents the trends of the plant response at the set point, the control signal (airflow), and the state of blowers, at the moments when at least one of two blowers works.
The first analyzed parameter was γ 2 (see Table 2 qualitative results). Fig. 7 Decreasing the value of γ 2 worsened the control quality, which manifested itself by higher values of IAE and ISE. At the same time, increasing γ 2 improved the obtained results. However, a limit for the improvement can be observed: for γ 2 =8 000 000 the results are worse than for γ 2 =4 000 000. It is possible that the optimum value of γ 2 exist which would allow the best control quality to be achieved. The improvement of the control quality was the reason why the default value of γ 2 was changed to γ 2 =4 000 000.
The second analyzed parameter was γ 3 ( Table 3 , Fig. 8 ).
Ta ble 3.
Qualitative results for γ 3 Increasing the parameter γ 3 improved the results of control, therefore the default value of γ 3 was changed to γ 3 =2 000 000.
The next tested parameter was γ 1 (Table 4) . The performed simulation tests did not improve the control quality, and consequently, the default value of γ 1 was applied.
The next analyzed coefficient was Km (Table 5) . Changing K m did not improve the control quality. In each case, the control quality worsened. Thus, the K m value was not changed. Changing K g did not improve the control quality. In most cases, changes of this parameter led to worsening of the obtained results.
The next analyzed parameter was K h (Table 7) . Changing K h did not remarkably improve the quality control, therefore the default value of K h was applied.
The last tested parameter was T. The effects of changes of the parameter T are shown in Table 8 and Fig. 9 . Increasing the value of T worsened the IAE and ISE indicators, but decreased the overshoot. It also extended the time to achieve the reference Figure 9 . Control results -analysis of T parameter trajectory, which was the cause of the observed worsening of IAE and ISE values.
Ta ble 8. Qualitative results for T = var
No.
T The common feature of all simulation tests was sudden growth of the DO level at the end of each nitrification phase, being the consequence of physical limitations of the aeration system, especially the rotational speed of the blowers. Unfortunately, the AW filter does not affect the saturation of the control signal at the end of nitrification. The cause of this effect is the decreasing demand of the sludge for oxygen -it is not possible for the demand for oxygen to grow during the nitrification phase. As a consequence, it is not possible to unload the integrated value of the control signal during the saturation phase. A method which can solve this problem is to decrease the maximum airflow of blowers, i.e. to apply a more rigorous upper limit for the AW filter in Equation (20). In most cases, the AW filter does not improve the values of IAE and ISEthe main task of AW filter is decreasing the beginning overshoot and initial oscillations.
The final goal of the study was to find most appropriate values for the controller parameters. It was very difficult because the adaptive controller has 7 coefficients which must be tuned. There is no method which would define the range of parameters which optimize the specific quality of a nonlinear complex system, and in most cases the process of adaptive controller tuning requires a nonlinear analysis, like that presented in the simulation tests. Moreover, a situation may occur in the tuning process that the analysis of the parameters does not improve the quality of control, see tests of K g or K h parameters, for instance.
The adaptive controller has an integrated nature, i.e. the adaptation laws are often differential equations of the parameters used in the control law. Physical limitation of the plant or executive system may lead to the windup effect. The implemented AW filter significantly improves the control quality -in some cases it makes the overshoot on the beginning of nitrification phase decrease to zero. The adaptive controllers should use algorithms which ensure satisfactorily high quality of control when the system has physical limitations.
The advantage of the new adaptive control system is that this controller, based on the Lyapunov stability theory, ensures global stability. The presented simulation results reveal that despite the fact that oscillations can initially increase in some cases, the plant response always converges to the reference trajectory.
Conclusions
The paper discusses the issue of tracking the reference trajectory of the dissolved oxygen in the sequencing batch reactor. The proposed novel cascade nonlinear adaptive control system makes use of the control law with the adaptation mechanism based on the Lyapunov stability theory and the antiwindup filter. A detailed analysis of the control parameters is presented. The results are obtained based on the real data recorded in the Swarzewo case study plant. The simulation results testify that the designed advanced control system reveals good tracking performance if the aeration system itself is not subject to certain technological limitations (e.g. rotational speed of the blowers).
